The relationship between the actin cytoskeleton and cell wall synthesis was studied by light and electron microscopy in protoplasts of Sacchammyces cerevisiae DBY 1693 containing the act14 allele. Since protoplasting also disturbs the actin cytoskeleton, these mutant protoplasts had a double error in their actin cytoskeletons. In the period between the onset of wall synthesis and completion of the wall, protoplasts grown a t the permissive temperature showed an even distribution of actin patches all over the surface on which a new cell wall was being synthesized. After wall completion, actin patches partially disappeared, but then re-appeared, accumulated in growth regions at the start of polarized growth. This was compared with the pattern of actin patches observed in intact temperature-sensitive actin mutant cells cultivated at the permissive temperature. Electron microscopy of freeze-etched replicas revealed finger-like invaginations of the plasma membrane in both the actin mutant cells and their protoplasts. These structures showed a very similar distribution to the actin patches detected by rhodamine phalloidin staining in the fluorescence microscope. A hypothesis is presented, explaining the role of actin patchestfinger-like invaginations of the plasma membrane in the synthesis of p(1+ 3)-~-glucan wall microfibrils in yeast cells.
INTRODUCTION
Actin mutants of yeasts, mutated in the actin gene ACT7, shown in other wild-type strains of budding yeasts (Kilmartin & Adams, 1984; Adams & Pringle, 1984 ; Barnes et al., 1990) . have a weakened cytoskeleton and their phenotype differs from the wild-type cells not only at the restrictive temperature (37 "C), but also at the permissive temperature (23 "C). This makes them suitable model objects for investigating the role of the actin cytoskeleton in cell morphogenesis.
Saccbarumyces cerevisiae wild-type cells (strain DBY 1690) have normal ACT7 actin alleles and their actin cytoskeleton appears as actin cortical patches in the bud and around the septum, i.e. in areas of active wall synthesis. Actin is also present as actin cables, which are loose bundles along the longitudinal cell axis (Novick & Botstein, 1985; Gabriel etal., 1992) . This is similar to that Abbreviation: ts, temperature-sensitive.
The actin mutant S. cerevisiae DBY 1693 was constructed by Shortle e t al. (1984) using recombinant DNA technology. By substitution mutation, the CCA codon at position 32 in the ACT7 actin gene was changed to CTA. This point mutation caused leucine to be substituted for proline in the gene product of the mutated a d -7 allele causing a temperature-sensitive (ts), conditionally lethal phenotype (Novick & Botstein, 1985) . It is not clear whether this mutation results in impaired polymerization of G-actin into F-actin microfilaments or failure of microfilaments to assemble into bundles. Although fluorescence microscopy cannot identify single microfilaments, these are considered necessary for polar growth of yeast actin mutants at the permissive temperature (Novick & Botstein, 1985) . Actin microfilaments have been detected as loose bundles, termed cytoplasmic actin cables, in wild-type strains (Kilmartin & Adams, 1984; Adams & Pringle, 1984; Novick & Botstein, 1985; Gabriel etal., 1992) . In the DBY 1693 mutant cell with the actl-7 allele, the weakened actin cytoskeleton consists of actin patches mainly accumulated in growing buds and septa, but also present in mother cells. Even at the permissive temperature (23 "C), cytoplasmic actin cables are almost invisible in mutant cells (Novick & Botstein, 1985) . Transfer of the actin mutants to a restrictive temperature (37 "C) permits the full manifestation of the conditionally lethal actl-7 mutation. Consequently, the vitally important actin microfilaments cease to function and the cells die (Novick & Botstein, 1985) . An even distribution of actin patches and complete disappearance of actin cables, which is the phenotypic expression of the ts conditionally lethal act7-7 mutation (Novick & Botstein, 1985; Gabriel & Kopecki, 1995) , can also be induced by protoplasting in wild-type yeast cells (Gabriel e t al., 1992) . However, in contrast to actin mutants, protoplasts of budding yeasts with the wild-type actin allele are capable of restoring their actin cytoskeleton during the process of cell wall regeneration . Therefore, protoplasts derived from actin mutant cells have a double error in the actin cytoskeleton which, at the genotype level, is due to mutation in the actin gene and, at the phenotype level, due to protoplasting. This offered an opportunity to study the relationship between the actin cytoskeleton and synthesis of wall components. Protoplasts of budding yeasts require solid media for regeneration of their cell walls (NeEas & Svoboda, 1985) . However, solid medium is no longer needed after the new wall has been constructed for the reversion of protoplasts with regenerated walls to budding cells (NeEas & Svoboda, 1985) . This fact made it necessary to cultivate protoplasts of actin mutant cells using a modification of the method described previously for regeneration of wildtype protoplasts (Gabriel e t al., 1992) . The objective of this study was to investigate the following questions. 1. Can actin mutant cells produce protoplasts that retain their ability to regenerate cell walls and subsequently revert to budding cells? 2. Are there any differences between wild-type and mutant cells in localization of actin patches during protoplast formation, cell wall regeneration and reversion to cells? 3. Is the process of cell-wall construction different in wall regeneration of wild-type protoplasts and actin mutant cells? 4. Can the similarity of the wall synthesis in protoplasts and actin mutant cells contribute to the understanding of the role of actin patches and finger-like invaginations of the plasma membrane? 1985) . Media. Cells for actin cytoskeleton studies were cultivated in YEPD medium, comprising 1 7'0 (w/v) yeast extract, 2 % (w/v) bactopeptone and 2 % (w/v) glucose (Novick & Botstein, 1985) . To prepare protoplasts, cells were grown in malt extract medium, pH 5.5, at 23 OC. Protoplasts were regenerated in a 1 : 1 (v/v) mixture of YEPD and N1 medium (5 g glucose, 1-25 g asparagine, 1-25 g KH,PO,, 0.425 g MgSO,. 7H,O, 50 ml distilled water; Kelleti et al., 1954) . Osmotic stabilization was achieved with 0.8 M mannitol. Solid media contained 30% (w/v) gelatin dissolved in YEPD-N1 medium. Protoplast preparation. Cells growing in malt extract medium were collected in the exponential phase, washed twice by centrifugation with distilled water and exposed to snail enzyme medium [lo %, w/v, snail enzyme (isolated and purified crude digestive juice of Helixpomatia dried at 0 "C) 0-8 M mannitol, citrate-phosphate buffer, pH 5.6, 0.01 M MgSO,] for 60-120 min at 23 OC. Protoplasts were harvested and washed twice by centrifugation at 670 g for 6 min with an osmotic stabilizer. Protoplast regeneration. Protoplasts were allowed to regenerate cell walls in 30 % (w/v) gelatin (NeEas, 1961 ; Svoboda & NeEas, 1966) dissolved in regeneration medium osmotically stabilized with 0.8 M mannitol. A 0.1 ml suspension of protoplasts (6 x lo7 ml-l) in osmotic stabilizer was stirred with 2 ml gelatin medium melted at 37 O C in a water bath (manipulation with samples at 37 OC did not exceed 30 s). The tubes were taken out of the bath and gelatin with protoplasts was spread into a thin coat on the inside walls of the tubes using sterile glass rods. The protoplasts were cultivated at 23 OC (Gabriel e t al., 1992) . Isolation of regenerating and regenerated protoplasts from gelatin. The regeneration medium (5 ml), enriched with 0.8 M mannitol and 5 ml 0.6 M KC1, pH 5.5, warmed to 37 O C , was added to the tubes with protoplasts embedded in gelatin. Gentle stirring helped to dissolve the gelatin in 2-5 min. Protoplasts were purified by centrifugation in regeneration medium with mannitol and KC1 for 6 min at 670g. Washing with liquid regeneration YEPD-N1 (1 : 1) medium containing 0.8 M mannitol was repeated two to three times . Fixation of specimens. Cells in YEPD medium, fresh protoplasts in osmotic stabilizer, and regenerating protoplasts and revertants in liquid regeneration medium were fixed with 5 7'0 (w/v) p-formaldehyde in phosphate buffer at pH 6.9, according to Pringle e t al. (1989) , supplemented with 20 mM MgC1, and 10 mM EGTA (HaSek e t al., 1986). Fixation took place at room temperature for 90 min. Before actin visualization, specimens were washed three times with phosphate buffer containing MgC1, and EGTA without fixative at pH 6.9. Rhodamine phalloidin staining. Actin was labelled with rhodamine phalloidin R-415 (Molecular Probes) using the method of Pringle e t al. (1989) . A 100 ~1 volume of cells in phosphate buffer, pH 6-9, was stained with 10 pl of the original rhodamine phalloidin solution at 23 O C in the dark. After staining for 30-60 min, with occasional shaking, the specimens were washed five times with phosphate-buffered saline and placed on grease-free slides. Dried slides were mounted in p-phenylenediamine in 90 % (v/v) glycerol, pH 9-0. All phases of staining were carried out in red light (Gabriel e t al., 1992) . Phase-contrast and fluorescence microscopy. Cells, protoplasts and fixed specimens were examined by phase-contrast microscopy (Amplival, Zeiss Jena ; magnification x 320) and by fluorescence microscopy (Jenalumar, set filters : 4-,4-, G263, 570; primary magnification x 320). For photography, Svema 19 DIN film was used at an exposure of 4 min. Nomarski differential interference contrast microscopy. This was done using the Jenalumar microscope at a magnification of x 320 and an exposure of 1 s.
METHODS

Electron microscopy
(i) Freeze-etching. Replicas were prepared of protoplasts isolated from gelatin after 1-2 h, 5-6 h and 19-20 h of regeneration. A suspension of viable protoplasts in regeneration medium was frozen in Freon 22/liquid nitrogen and processed in a BA 360 M Balzers apparatus (Moor & Muhlethaler, 1963) . Replicas were photographed in a Tesla BS 500 electron microscope.
(ii) Platinum-shadowed preparations. Protoplasts isolated after 1-2 h, 5-6 h and 19-20 h of regeneration in gelatin were washed with nutrient medium, pelleted, and 0.5 % SDS was added. The protoplasts were allowed to stand for 5-10 min at 50 OC (Kopecki & Kreger, 1986) . After three washes with distilled water, the specimens were placed on Formwar-coated grids, shadowed with platinum and photographed in a Tesla BS 500 electron microscope.
RESULTS
Actin cytoskeleton in actin mutant cells and fresh protoplasts
Cells of the actin mutant strain DBY 1693 with the act7-7 allele (Fig. la, b ), in accordance with the findings of (1985) , formed faint cables that were difficult to record photographically, and bright actin patches on both the mother cell and the bud, at a permissive temperature of 23 "C. An accumulation of patches was often seen on the bud (Fig. 1 b) and at the neck of the bud.
Protoplasts freshly prepared from an exponential culture of the actin mutant DBY 1693 strain grown at the permissive temperature ( Fig. lc) showed an even distribution of actin patches in the cortex (Fig. 1 d) . This was similar to that described previously in fresh protoplasts derived from the wild-type DBY 1690 strain with the ACT7 allele (Gabriel e t al., 1992) .
Actin cytoskeleton in protoplasts regenerating new cell walls
The behaviour of the actin cytoskeleton during cell wall regeneration was analysed in protoplasts isolated from the regeneration medium after 1-2 h and 5-6 h of cultivation at 23 "C.
After 1-2 h, protoplasts increased in size but maintained their spherical shapes. The distribution of actin patches in the cortex was even (Fig. le, f) . Isolated walls in electron micrographs showed incomplete regeneration of cell walls with distinct networks of glucan microfibrils (Fig. 2) .
Protoplasts isolated at 5-6 h showed further increase in size but still retained spherical shapes (Fig. 1s) . The actin patch distribution remained even ( Fig. lh) but no actin cables were observed. Electron micrographs showed regenerating cell walls with glucan microfibrils, now partially masked with amorphous matrix (Fig. 3) .
In regenerating protoplasts of the actin mutant DBY 1693, act7-7, while new cell wall was being built, the even distribution of actin patches under the surface was identical to that reported by Gabriel e t al. (1992) in the regenerating protoplasts of the wild-type strain DBY 1690 with the ACT7 allele.
Actin cytoskeleton in protoplasts with regenerated cell walls, reverting to budded cells
This was studied using protoplasts isolated from two populations; one was incubated in the gelatin regeneration medium for 20 h and the other was grown for 15 h in a liquid regeneration medium after a 5 h cultivation in gelatin medium. The latter procedure was used to check that the isolation of protoplasts from the gelatin medium did not induce any changes in the actin cytoskeleton. The two populations, processed in the same way, gave similar results. Both were heterogenous cultures containing regenerating protoplasts (Fig. li, j) , non-budding protoplasts with regenerated cell walls ( Fig. 1 k, left) , revertants showing various stages of bud (daughter cell) development (Fig. lk, 1 , m) and fully reverted daughter cells of the actin mutant (Fig. lk, 1 ).
Cells at all stages of intensive cell wall regeneration showed even distribution of actin patches (Fig. li) . Shortly before bud emergence and during budding, actin patches delocalized to the growing bud and septum; some still remained on the initial protoplast with the regenerated cell wall (Fig. 1 j, k, m) .
In cells arising from reverted protoplasts, the distribution of actin corresponded to that found in the initial mutant cells.
The protoplasts from the two cultures observed by electron microscopy showed the presence of complete walls in both regenerated protoplasts (Fig. 4) and revertant cells (Fig. 5) . Cross-fracture revealed that the walls were almost uniform in width (Fig. 6 ). In some of the regenerated protoplasts, an abundance of secretory vesicles and other components of the secretory pathway were detected (not shown).
The regenerated budding (reverting) protoplasts of act-7 actin mutant cells at the permissive temperature (23 "C) were characterized by: (1) the absence of cytoplasmic actin cables which, in wild-type reverting protoplasts run along the long axis of the budding protoplast (Gabriel e t a!., 1992); (2) the presence of scattered cortical actin patches which remained on both the protoplasts and mother cells during budding; and (3) heterogenous size (compare Fig. l i with k or m) similar to the appearance of the initial population of actin mutants grown at the permissive temperature (Fig. 1 a) .
Finger-like invaginations in actin mutant cells and protoplasts
Freeze-etching demonstrated the presence of finger-like invaginations on the protoplasmic fracture (PF) face of the plasma membrane in actin mutant cells (Fig. 7) Cortical actin and wall synthesis in yeasts protoplasts regenerating their walls (Fig. 8 ) and revertant cells (Fig. 6) . Corresponding finger-like protrusions were identified on the exoplasmic fracture face of the plasma membrane (Fig. 6, left) . In the initial mother cells, these structures were few in number and scattered, but they accumulated in the area of bud emergence (Fig. 7 , arrow) or near the bud neck (not shown). In protoplasts regenerating their walls, finger-like invaginations were evenly distributed all over the surface (Fig. 8, arrow) . Protoplasts which had completed wall regeneration, showed the finger-like invaginations loosely scattered over the surface, as shown on the exoplasmic fracture face (Fig. 6, left) and accumulated on the bud (Fig. 6, righthand arrow) . The finger-like invaginations seen on the protoplasmic fracture face appeared as conical or tubular structures, 50-100nm in size, deeply sunken into the cortical cytoplasm. The corresponding structures could be identified as finger-like protrusions on the exoplasmic fracture face of the plasma membrane ( Fig. 6 , EF ; see also insert in Fig. 7 ) . Harold (1991) .
DISCUSSION
Actin cytoskeleton in actin mutant cells
Mutation in the actin gene has an effect on the assembly of actin in mutant cells. These cells have a weakened actin cytoskeleton and the actin pattern is altered. Even at the permissive temperature, actl-7 cells produce only fine cables, which are difficult to detect photographically, and bright patches present on the mother cell and bud. An accumulation of patches is often seen on the bud and its neck. The failure of the act7-7 cells to form clearly visible actin cables suggests either a defect in G-actin polymerization or formation of bundles of F-actin microfilaments (Novick & Botstein, 1985) .
The results of this work confirm the findings of Novick & Botstein (1985) concerning faint actin cables in the act7-7 mutant cells, the presence of patches in the cortex of mutant mother cells and the concentration of actin patches on buds and their necks in these cells. & Botstein (1985) were the first to report the complete disappearance of actin cables and rounding of cells in the actin mutant DBY 1963, act7-7, after cultivation at the restrictive temperature for 30 min. The same finding was made in those mutant cells which were able to survive at 37 O C for 24 h and grow isodiametrically (Kopeckd & Gabriel, 1990; Gabriel & Kopeckd, 1995) .
The absence of actin cables in spherical yeast cells and protoplasts
Novick
Actin cables were not detected in some other types of actin mutants under restrictive conditions (Novick & Botstein, 1985; Drubin et al., 1993) nor in cells with a mutation in 'bud site assembly genes' (cf. Drubin, 1991) , such as CDC24, CDC42, CDC43 , BEMl (Chenevert etal., 1992) and BUDIBEM7 (Chant e t al., 1991) . Actin cables were also missing in cells mutated in genes encoding actin-associated proteins, e.g. capping protein (Amatruda et al., 1990) , profiline (Haarer et al., 1990) , tropomyosin (Liu & Bretscher, 1989) , actin- Cortical actin and wall synthesis in yeasts associated 67 kDa and 85 kDa proteins (Drubin e t al., 1988) , and in the myosin M Y 0 2 gene (Johnston et al., 1991) . Furthermore, they were also absent in sec mutants (Svoboda & NeEas, 1992) . The disappearance of actin cables is manifested by a change in cell shape, i.e. cells become spherical, due to the loss of cell polarity.
Actin cables also disappear when the yeast cell is subjected to environmental stresses, such as centrifugation of the cell suspension, removal of glucose from the medium (Pringle et al., 1989) or the action of hypertonic solutions (Chowdhury et al., 1992) . Protoplasting, the process of cell wall removal by enzymes in the presence of osmotic stabilizer, also results in disappearance of actin cables, as described by Gabriel e t al.
( 1 992) The finding of this identical phenomenon, i.e. disruption of actin cables, under a variety of environmental conditions may suggest that this is a non-specific response of the cell to a wide range of stresses, such as those involving temperature (in ts mutants), osmotic, metabolic and mechanical factors, or to a genetic change. The absence of actin cables interferes with cell polarity.
Our previous experiments demonstrated that the disappearance of actin filament cables affects the cell in the same way regardless of the inducing factor, i.e. mutation in the actl-7 gene (Gabriel & Kopecki, 1995) or protoplasting in wild-type cells with the ACT7 allele (Gabriel e t al. , 1992) . The consequences were identical : absence of actin cables produces loss of cell polarity, of transport of secretory vesicles to the bud, failure to reproduce by budding (Gabriel & Kopeckd, 1992a, b) and, eventually, isodiametrical growth (Gabriel & Kopeck& 1995) .
On the other hand, the disappearance of actin microfilaments and cables does not interfere with the synthesis of a new cell wall in regenerating protoplasts derived from wild-type S. cerevisiae containing the ACT7 allele , Scb. pornbe (Kobori et al., 1989) and from the actin mutant cells with the act7-7 allele. It can be concluded that the onset of cell wall synthesis does not depend on the presence of actin cables and can function without their direct involvement.
Redistribution of actin patches during regeneration of cell walls in protoplasts of the actin mutant and during reversion of these protoplasts to cells
Conversion of actin mutant cells grown at the permissive temperature (23 "C) to protoplasts resulted in an even distribution of actin patches all over the protoplast surface (Fig. 9) . A similar pattern of actin patches has previously been observed in fresh protoplasts derived from the wildtype budding yeasts with the ACT1 allele (Gabriel e t al., 1992) and in protoplasts of the fission yeast Scb. pombe (Kobori e t a/ Jochovd e t al., 1991) . This implies that this redistribution of actin patches is not a direct consequence of mutation in the actin gene. The mechanism of this redistribution could be based on (1) lateral migration of actin patches attached to the inner face of the plasma membrane, (2) re-assembly of fragmented cytoplasmic actin microfilaments, or (3) a response of the cell to the loss of polarity due to the disruption of actin microfilaments caused by mutation in the actin gene and/or by the action of environmental stresses (osmotic shock or removal of the cell wall). The even distribution of actin patches under the surface of protoplasts regenerating their cell walls, observed in wildtype as well as in actin mutant cells, gives support to the view that actin patches have a so far unidentified role in the construction of cell wall components. This concept in budding yeasts has been considered by Kilmartin & Adams (1984) , Adams & Pringle (1984) and Novick & Botstein (1985) , and in the fission yeast Scb. pombe by Kobori et al. (1989) and Jochovd e t al. (1991) . The relationship of actin patches to growth regions of the cell surface is evident also in the cells to which the protoplasts with regenerated walls have reverted. Asymmetric redistribution of actin patches to the regions of intensive wall synthesis was seen in both actin mutant and wild-type cells (where, in addition, actin cables re-appeared ; Gabriel e t al. , 1992).
It was of interest to find a certain number of actin patches persisting at the surfaces of mother cells of the actin mutant but not of the wild-type cells and, similarly, at the surfaces of regenerated protoplasts derived from actin mutant cells but not of those prepared from wild-type cells. It is suggested that neither the walls of initial actin mutant mother cells nor the regenerated cells of their protoplasts have been completed because the transport of secretory vesicles probably occurs at a lower rate in the absence of actin cables. The presence of actin patches may be a sign of continuing synthesis of cell wall components. It would appear that changes in the pattern of actin patches are related to the 'activation ' of cell (protoplast) surfaces during synthesis of wall components (Fig. 10) .
The continuing presence of actin patches is a result of mutation in the actin gene.
Possible co-localization of actin patches and fingerlike invaginations (cell wall protrusions)
So far, actin patches have been associated mainly with areas of intensive cell wall synthesis (Barnes e t al., 1990; Gabriel & Kopecki, 1994) . Some authors associate them with the distribution of chitin in the wall (Kilmartin & Adams, 1984; Adams & Pringle, 1984) . This is in agreement with our findings of an increase in the number of actin patches in mother cells of the actin mutant DBY 1693 at the restrictive temperature (Gabriel & Kopecki, 1995) , in contrast to wild-type strain DBY 1690. Novick & Botstein (1985) relate this finding to the delocalization of chitin in the wall of the mother cell, unable to bud under restrictive conditions. Similar observations in the cdc24 mutant at the restrictive temperature were made by Sloat & Pringle (1978) , Sloat et al. (1981) and Hartland e t al. (1993) . All these findings indicate that the chitinglucan complex plays a stabilizing role in cell wall morphogenesis (Klis, 1994) . Apart from this view, which is based on staining chitin in cell walls with calcofluor -a reaction not necessarily specific for chitin (Streiblovi, 1984; Pringle etal., 1989) , a possible relationship of actin patches to the areas of synthesis of the main wall component, i.e. glucan, should also be considered. In relation to the synthesis of the three wall components of Saccbarumyces, namely chitin, glucan and mannoprotein, both chitin synthases and glucan synthases are located at the plasma membrane, while synthesis of mannoproteins proceeds inside the cell (FarkaS et al., 1974; Fleet, 1991 ; Klis, 1994 al. (1991), Roncero etal. (1988) and Shaw etal. (1991) have shown that chitin is present in the regions where the shape of the cell wall is completed, i.e. in the neck during budding and on the lateral wall of the mother cell, but is absent in the growing bud. In contrast to this, actin patches are largely located in the bud and its neck, but only occasionally in mother cells of the wild-type strain.
Investigations of wall architecture of cells (Kopecki e t al., 1974; Fleet, 1991 ; Kopecki, 1994) and protoplasts (Kreger & Kopeckd, 1976; Kopeckd & Kreger, 1986) have clearly shown that the essential structural component in de nova synthesis of cell walls in protoplasts, and most probably in the bud, are p-(1 + 3)-~-glucan microfibrils.
In addition, our findings of patterns of finger-like invaginations (cell wall protrusions) in cells and protoplasts studied by freeze-etching are strikingly similar to the pattern of actin patches during the cell cycle and during regeneration of yeast protoplasts. We believe that the finger-like structures detected by freeze-etching are identical with the finger-like invaginations of the plasma membrane described by Mulholland e t al. (1994) who, using immunoelectron microscopic observations of ultrathin sections, demonstrated the relationship of these invaginations to the accumulation of cortical F-actin. We suggest that these finger-like invaginations may be the long-sought structure in the plasma membrane from which p-(1 + 3)-~-glucan microfibrils arise (Fig. 10) even though Mulholland e t al. (1994) suggest their association with endocytosis.
